It is very important for the car users to have several communication systems and many antennas, which respond to the demands of aesthetics and efficiency. In this case, it is necessary to consider different types of materials and geometries. Among the automobile systems, the navigation systems are found, which are formed by a Global Position System (GPS), with a pre-charged base of maps and highways in order to locate the vehicle. For the reception of the GPS signals, circularly polarized patch antennas are used, which must be designed to operate at 1.57 GHz. This work is focused on the analysis of a circular antenna performance, designed for GPS, by means of the simulation of the following cases: antenna without radome, antenna with acrylic radome, and, finally, antenna on the roof of an automobile, considering the effect of the complete chassis. A Basic, a Simplified and a More Simplified Advanced Car Models (BCM, SACM, and MSACM) were used in order to analyze the chassis shape. The simulations were carried out with the software FEKO. The fabrication and experimental and practical tests are also presented.
Introduction
The evolution of the automobiles has corresponded to several demands of the users. Especially in wireless communication systems, the necessity of aesthetics and efficiency has determined several proposals of antenna models designed considering different types of materials and geometries. The location of the antennas constitutes also a very interesting analysis problem [1, 2] .
The automotive sector has shown its interest in the development and implementation of navigation systems, which are composed by a GPS and a pre-charged base of maps and highways in order to locate the vehicles [3] . With the increase in automobile usage, accurately determining automobile location has become one of the growing priorities. The main advantages of the navigation systems are reduction in the time of journey, in consumption of combustible, and in the emission of contaminant gases [4] . Other application of the GPS technology is automatic location of vehicles (AVL) [5, 6] , as the medium to determine the geographic position of the vehicle and to transmit this information to a point where it can be used and exploited. This tool is extremely useful to the management of fleets of service vehicles, emergencies, construction, public transportation, recovery stolen vehicles, and public security [7] .
The GPS antenna design has received a special attention. Toyota Central R & D Laboratories of Japan has developed an antenna for installation on the roof of automobile [2] . They have used a dual-feed, stub loaded single patch to achieve circular polarization at the two frequencies of the satellite.
On the other hand, the antenna radomes have received a special attention, not only on the materials used, but also in shapes. Motorola, one of the leading manufacturers of automotive GPS systems, recommends the placement of the GPS antennas at the roof, roofline or trunk [8] .
Additionally, several companies are dedicated to commercialize navigation systems for vehicles that do not account with the original device [9] . The antennas contribute greatly to the total operation of the navigation systems, and they can be designed in accordance to the aesthetics and the requirements of the vehicle, in order to obtain prototypes totally personalized.
Antennas, commonly used for circular polarization, are based on corner-truncated square microstrips [10] , and on square or circular patches with one or two feed points [2] . A circular polarization can, also, be obtained from a single-point square or a circular patch.
In this research, the design of a circular patch antenna for GPS is presented. The interest is focused on the simulation of the antenna, due to the benefits to know the performance of the complete system instead of only to simulate the single antenna. The analyzed cases are: antenna without radome, antenna with an acrylic radome, and the antenna on the chassis of the vehicle (considering three car models, Basic, Simplified and More Simplified Advanced Car Models (BCM, SACM and MSACM), in order to analyze also the influence of the chassis shape). A similar analysis can be found in [11] .
The software used for simulations is FEKO. The circular antenna is designed at 1.57 GHz, considering a unique feed point and a substrate of RT/Duroid 5880.
The content of this paper is organized as follows. In Section 2, the principles of the circular antenna design are mentioned. The simulations considering the antenna without and with acrylic radome are shown in Sections 3 and 4. The simulations of the antenna considering three car models are presented in Section 5. In Section 6, the fabrication process in briefly described. The simulated, experimental and practical results are presented in Section 7 and are discussed in Section 8. Finally, in Section 9, some concluding remarks are given.
Individual Patch Antenna Design
A simple approximation [12] is used for the design of the circular patch antenna:
where r is the patch radius, λ g is wavelength of group, c is the speed of light in vacuum, ε r = 2.2, the dielectric permittivity of RT/duroid 5880 and f 0 = 1.57 GHz is the operation frequency. Equation (1) is very similar to the used equation for ring resonators [13] . The calculated antenna sizes of the antenna implemented on RT/Duroid 5880, with a thickness h = 0.00317 m are: the patch radius is of 0.0419 m and the length of the square substrate is L g = 6*h + 2*r = 0.1028 m.
A coaxial type feed is used. The location of the feed point is determined in accordance to the impedance matching. In this case, the feed point is located near to the center of the antenna.
Simulation of the Individual Patch Antenna Design
Two cases were used: linear and circular polarizations ( Figure 1 ). The gain of the circular antenna with linear polarization has a maximum value of 7.1 dB.
To observe the performance of the antenna on the circular polarization, it is not necessary to modify the established values of the antenna, it is enough to select in the main menu, the component, and the values, considering the scale that we want to observe. With the selection of the circular polarization, Figure 1 (b) was obtained. In this case, the gain value is considerably reduced (at 4.2 dB) in comparison to the linear polarization gain.
Simulation of Antenna with Radome
After to design the patch antenna, it is also important to design the radome, because it prevents the early physical deterioration of the antenna, the copper oxidation, and affects lightly the performance of the antenna. It allows an easy manipulation of the antenna by the user. As a first approximation, a simple radome design of low cost, which does not affect the radiation pattern of the antenna, was chosen.
The selected material to implement the radome is acrylic, with a thickness of 0.0047 m, due to its availability in the market. ABS (Acrylonitrile-Butadiene-Styrene) is widely used for protective housing for electronic equipment and computers, but it is more difficult to obtain and to manipulate for us. In [14] , it is shown the effect of various materials on the radiation pattern of this antenna. In Figure 2 , top and cross section views of the square radome are presented, where the circular patch antenna can be appreciated. The highest values of the antenna gain with radome under linear polarization (6.9 dB), and with the circular polarization (4.1 dB). They are lightly smaller compared to the values obtained without the radome.
The simulation results of the antenna gain with acrylic radome, considering linear and circular polarization are presented in Figure 3 .
Simulation of Three Car Models of Antenna
First of all the antenna was placed on the roof of a complete vehicle chassis, with the aim of observing the performance of the circular patch antenna in a more real environment. At this stage, it is necessary to design a vehicle with similar dimensions to a real one. Therefore, we decided to use a 3D drawing software that allow us to export the corresponding design in a file with extension *.x_t (parasolid files), which can be imported by CADFEKO, and after that, to realize the simulation of the complete system. We have chosen Autodesk Inventor to design the chassis of the vehicle. Autodesk Inventor is a design program with a friendly environment. The implemented car design only consists of metal layers; without doors, and other not relevant details, such as crystals, because the antenna is not closely interacting with one of them.
The width of the chassis is 1.4 m, the length is 4.17 m, and the height is 1.08 m. The roof-top has an area of 1 m × 1.2 m (Figure 4) . The next step is in following. With the vehicle design, it is necessary to implement both the antenna system, and the metallic chassis of the vehicle in CADFEKO, for its subsequent simulation. In the corresponding simulations, the antenna was located on different places on the chassis. The radiation patterns of the antenna gain with linear and circular polarization are shown in Figure 5 , where it can be observed that the values of the gain reach a maximum (Figure 6(a) ). Due to computer limitations, it was necessary to simulate a SACM (Figure 6(b) ) with maximum width of 2.01 m, maximum length of 4.64 m, and a height of 1.08 m.
The roof-top has a maximum and a minimum width of 1.33 m and 1.19 m; and a maximum and a minimum length of 1.48 m and 1.28 m.
The maximum gain obtained considering a SACM corresponds to the case of the antenna located on the central and on the front part of the roof-top (Figures 7(a) and (b)); and on the trunk (Figure 7(d)) .
Finally, considering the MSACM (Figure 8) , the maximum gain obtained (10 dB) corresponds to the case of the antenna located on the central part of the roof-top (Figure 9(a) ) and on the trunk (Figure 9(d) ). 
Fabrication Process
The antenna was fabricated using a PROTOMAT S-42 machine. After the pattern transfer and the drilling for the feeding point, the soldering of the required connectors is realized (Figure 10(a) ). For laboratory tests, BNC female connectors were used. For experimental case, a female MCX connector was used to couple the antenna to a GPS development kit, in order to compare its performance with the original antenna of the kit (Figure  10(b) ).
Analysis of the Results
At first, it is necessary to analyze the simulation results. In Table 1 , a resume of the obtained values of simulation considering the cases of Sections 3 and 4 is presented. As it can be observed, the differences between linear and circular polarization results are remarkable.
Simulations considering the car models are also realized for the antenna with radome. Table 2 shows the corresponding results, where it can be observed that the gain value depends on the system where it is interacting. In the BCM, the simulation results show a bigger gain value at the central part of the roof-top. This fact can be attributed to the high symmetry in the car model. The effect of the smooth lines of the chassis contributes notably to the increment of the antenna gain. In the case of the antenna located at the front part of the roof-top in the MSACM, the decreasing of the gain value compared to the case of the SACM could be attributed to the absence of the hood. On the trunk, the values are almost as high as the case of the central part of the roof-top.
The simulation results of the S21 parameter of the antenna with acrylic radome is shown in Figure 11 , where also the experimental S21 parameter is displayed.
Experimental Results
Transmission-reception tests were realized using a signal synthesized generator (AGILENT 83732B and 8563EC, respectively). The frequency range from 1.3 GHz up to 1.8 GHz was considered to observe the antenna behavior using a constant power generated by the transmitter. The antenna separation used was 7 cm. In Figure 12 , the received power in the spectrum analyzer is shown. The oscillations could be attributed to the use of the connection converters to couple the laboratory equipment, and especially by the noise given by the coaxial cable. Practical results are in following. For the test of the antenna prototype as a replacement antenna, a GPS development kit was used, which accounts with a GPS development card (ER-102-J, SiRF Star-II), and the NMEAgent data (this software shows the current location). The response of the antenna prototype with circular polarization can be analyzed in this case. Three measurement points were established at CIICAp parking (Figure 13, Table 3 ). Results are also compared with a Garmin GPS.
For the test of the antenna prototype in movement, it was located on the rear roof-top of a Cavalier car model 95. The trajectory is shown in Figure 14 , and the measured positions (marked with arrows), in Table 4 .
Discussion
Simulations of antenna performance were realized considering linear and circular polarizations, but for the experimental tests, the available components and equipment only allow us to check the response under the linear case. Transmission-reception test shows a peak of response in the range of GPS signals (1575.42 MHz).
In practical tests, the replacement antenna showed satisfactory results ( Table 3 ). The measurements in fixed points in comparison with the Garmin GPS are nearest using the kit with the prototype antenna. In movement, as it can be observed in Figure 14 , the measured points, except for the corresponding to the CIICAp parking, are located on the university circuit, without invade buildings, or traffic islands, that means that the measurements are useful and precise. It is necessary to mention the following differences between the cars used in simulations and in practical tests: the model, the chassis material (in simulation, it is a perfect conductor, and in the practical tests, it was covered with red painting); and the sizes are lightly different. In experimental and practical tests, the antenna performance remains as it was expected.
The symmetry influences the gain value and the pattern shape, showing in all cases a bigger gain in the central part of the roof-top.
Conclusions
Due to the presence of changes in the gain values of the antenna according to the system where it is immersed, it is desirable to perform the simulation considering the complete system elements, in order to know a more real behavior. However, it requires the combination of technological factors in order to perform these simulations and higher computer capabilities.
Surely, the antenna performance can be improved. In our BCM, our purpose was only to show a procedure of analysis based exclusively on the simulation results, enriching the corresponding environment, implementing a complete system.
In SACM and MSACM, in spite of the simplified form, it can be observed that the presence of smooth lines increases the gain value, compared to the BCM, due to losses reduction. The differences between SACM and MSACM, are basically in the gain corresponding to the case of the antennal located in the front part of the roof-top, due to the absence of hood in the last case, which produced a lower gain value. The modeling detail could be even further improved, but this would increase the computer memory requirements accordingly.
In reception-transmission tests, the prototype shows an enough bandwidth to operate at the GPS frequency range. It was also probed that the maximum peak of response was very near to the design frequency (1.57542 GHz). The lightly variation can be attributed to the tolerance of the fabrication process.
The variations in the reflection characteristics and the pattern distortion of the antenna using an acrylic radome were minimal. Additionally, it was possible to appreciate that the chassis contributes to increase the antenna gain.
From the average values of the experimental tests using the GPS kit in fixed points, it can be concluded that the prototype has an adequate response for its using as a replacement antenna, although the original antenna has a low noise amplifier.
In practical measurements on a vehicle, the results were also satisfactory, because all measured points correspond to the university circuit.
Some improvements could be implemented, such as, the antenna size considering alternative materials or geometries. The radome also can be improved using liquid acrylic or epoxy resin. The car model also can be improved, with the consequent increment of computer resources.
